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An Ab Initio Cluster Study of the Structure of the Si(001) Surface
Abstract
Ab initio calculations, employing double zeta plus polarization (DZP) basis sets and generalized valence bond
(GVB) wave functions, have been performed on clusters of varying size, to investigate the utility of such
clusters as prototypes for the study of siliconsurfaces, and to investigate the effect of the level of theory used
on predicted results. This work builds on landmark papers by Goddard in 1982 and Paulus in 1998 that
demonstrate that a single reference wave function description of the silicon dimer bond is incorrect, and that a
multireference description results in a symmetric dimer in a silicon cluster containing one dimer. In this work,
it is shown that the imposition of arbitrary geometrical constraints (fixing subsurface atoms at lattice
positions) on cluster models of the Si(100) surface can also lead to nonphysical results. Calculations on the
largest clusters, without geometrical constraints, reveal that surface rearrangement due to dimer bond
formation is “felt” several layers into the bulk. The predicted subsurface displacements compare favorably to
experiment. Thus, small clusters, such as Si9H12, cannot adequately represent bulk behavior. Vibrational
analysis shows that dimer buckling modes require minimal excitation energy, so the experimental observation
of buckled dimers on siliconsurfaces may reflect the ease with which a symmetric dimer can be perturbed
from its minimum energy structure. In the study of surface reconstruction and relaxation, and the associated
issue of the buckling of dimer surfaces, it is critical to use adequate wave functions. As shown in this work and
previously by Goddard and Paulus, this generally means that multireference treatments are needed to
correctly treat the dangling bonds.
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Ab initio calculations, employing double zeta plus polarization ~DZP! basis sets and generalized
valence bond ~GVB! wave functions, have been performed on clusters of varying size, to investigate
the utility of such clusters as prototypes for the study of silicon surfaces, and to investigate the effect
of the level of theory used on predicted results. This work builds on landmark papers by Goddard
in 1982 and Paulus in 1998 that demonstrate that a single reference wave function description of the
silicon dimer bond is incorrect, and that a multireference description results in a symmetric dimer
in a silicon cluster containing one dimer. In this work, it is shown that the imposition of arbitrary
geometrical constraints ~fixing subsurface atoms at lattice positions! on cluster models of the
Si~100! surface can also lead to nonphysical results. Calculations on the largest clusters, without
geometrical constraints, reveal that surface rearrangement due to dimer bond formation is ‘‘felt’’
several layers into the bulk. The predicted subsurface displacements compare favorably to
experiment. Thus, small clusters, such as Si9H12 , cannot adequately represent bulk behavior.
Vibrational analysis shows that dimer buckling modes require minimal excitation energy, so the
experimental observation of buckled dimers on silicon surfaces may reflect the ease with which a
symmetric dimer can be perturbed from its minimum energy structure. In the study of surface
reconstruction and relaxation, and the associated issue of the buckling of dimer surfaces, it is critical
to use adequate wave functions. As shown in this work and previously by Goddard and Paulus, this
generally means that multireference treatments are needed to correctly treat the dangling bonds.
© 2000 American Institute of Physics. @S0021-9606~00!30206-9#
I. INTRODUCTION
The chemistry of silicon surfaces has been the subject of
comprehensive reviews by Neergard1 and Yates.2 The dimer-
ized silicon ~001! surface is of particular interest due to its
importance for device fabrication. Therefore, this surface has
been the subject of numerous theoretical and experimental
studies.3–7 Reactions on a surface cause changes in lattice
structure tens of atom layers below the surface. As semicon-
ductor device size decreases, the effect of surface processing
reactions has an increasing effect on device performance.
Thus, a better understanding of the initial phases of deposi-
tion and etching on a pristine surface has become a matter of
practical as well as academic interest.
A realistic model of a surface is a daunting computa-
tional challenge for a number of reasons. First, a reactive
surface contains dangling bonds ~unpaired electrons!, which
can only be properly described by multireference wave func-
tions. ~Reactions on passivated surfaces involve bond break-
ing, which likewise can only be described using multirefer-
ence wave functions.! Second, the displacement of atoms on
a surface is restricted by their connections to subsurface at-
oms, the bulk. The bulk imposes significant steric restrictions
on reactions on the surface. A large number of atoms is
needed to accurately model the bulk. The need to use a
reasonably-sized basis set aggravates these factors.
Figure 1 shows an illustration of the dimerization of the
unreconstructed silicon surface. Consider a section of crys-
talline silicon that has been cleaved parallel to the ~001! crys-
tal axis. Initially, according to the x-ray structure,8 the two
surface silicon atoms ~layer 1 in Fig. 1! are 3.84 Å apart, and
each have two dangling bonds that had been involved in
bonding with layer 0 before cleavage. As shown in Fig. 1,
the orientation of two of these dangling bonds is favorable
for bond formation between the two surface silicon atoms.
After the dimer bond is formed, the separation between the
surface atoms shrinks by nearly 1.6 Å to approximately 0.1
Å less than the Si lattice bond distance of 2.35 Å . These
large atom displacements on the surface can induce atom
displacements several layers below the surface.
The two parameters used to describe the silicon dimer
are its bond length and buckling angle. In a symmetric
dimer, both atoms lie in the same plane perpendicular to the
~100! lattice direction, with a zero buckling angle. In a buck-
led dimer, one Si atom lies above the other, with a nonzero
buckling angle. The predicted length of the dimer bond and
the buckling angle are very sensitive to the computational
method used, and the constraints imposed on the displace-
ments of subsurface atoms.
Experiments indicate that the dimerized Si~100! surface
is dominated by buckled dimers,2,9 a fact which is used by
many researchers to validate their predictions of buckled
dimers in cluster and slab models of this surface. However,
multireference wave function models of dimer bonding in
silicon clusters containing one or more dimers predict that
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the symmetric dimer is the true minimum.10,11 Extrapolating
the results of cluster calculations to real surfaces can be
problematic because of the inability of a cluster to represent
the steric effects of bulk material. Various researchers have
attempted to mimic the steric constraints of bulk material by
fixing ‘‘subsurface’’ atoms in the cluster at bulk silicon po-
sitions. However, measurements of atom positions under-
neath the dimerized Si~100! surface indicate significant dis-
placement from lattice position occurs,12,13 so fixing
subsurface atoms positions is an unphysical constraint.
The Si9H12 cluster has commonly been used as a model
for the dimerized Si~001! surface, because it is large enough
to contain a silicon dimer, yet small enough to be readily
modeled with ab initio electronic structure methods includ-
ing electron correlation. However, Si9H12 has several limita-
tions as a model for a silicon surface. It is rather small to
accurately represent the steric effects of bulk silicon. It only
contains one silicon dimer, so interactions between adjacent
dimers are not included. In addition, Si9H12 contains more
hydrogen atoms than silicon atoms, so the chemistry of this
cluster could be dominated by the hydrogen termination.
Several researchers have attempted to eliminate the effect of
hydrogen termination by creating artificial one-electron at-
oms whose basis set is adjusted to provide silicon-like
bonding.3,10 However, this approach has not been widely ap-
plied.
It is therefore desirable to examine larger clusters to de-
termine how increasing cluster size may impact the structure
at the surface and how rearrangements at the surface influ-
ence subsurface atom relaxation. In this work we consider ab
initio electronic structure calculations on a series of SinHm
clusters in order to consider several questions regarding the
Si~001! surface:
~i! How closely can a small silicon cluster reproduce the
unreconstructed bulk silicon geometry?
~ii! How well does an effective core potential ~ECP! basis
set represent the predicted all-electron geometry?
~iii! How do atom displacements from small cluster mod-
els of the symmetric silicon dimer compare to calcu-
lated displacements in large clusters, and experiment?
~iv! How do the relative energies of symmetric vs. buck-
led dimers depend on the level of theory and the size
of the basis set?
II. THEORETICAL AND COMPUTATIONAL METHODS
All calculations reported here were performed with ab
initio electronic structure calculations using the GAMESS14
suite of programs. Both all-electron 6-31G~d!15 and
Hay–Wadt16 effective core potentials ~ECPs! were investi-
gated. Since many of the species investigated here have dan-
gling bonds, which may be thought as diradicals, generalized
valence bond ~GVB!,17 two configuration self consistent field
~TCSCF!,18 as well as Hartree–Fock ~HF! calculations were
employed. In the GVB calculations, one bonding/
antibonding orbital pair was correlated for each dimer in the
structure. The notation used is GVB-PP~n!, where n is the
number of correlated orbital pairs, one for each diradical.
Geometry optimizations were performed using analytic gra-
dients at both levels of theory. All stationary points were
FIG. 1. Illustration of dimer formation on the Si~100! surface.
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identified as minima or transition states by calculating and
diagonalizing the matrix of energy second derivatives ~Hes-
sian!.
III. RESULTS AND DISCUSSION
This article is not intended to provide a comprehensive
review of the numerous models of the silicon surface; how-
ever, the salient features of the correct electronic description
of the silicon dimer bond are highlighted in two important
references. Goddard et al.10 first considered the effect of a
multireference wave function on the structure of the silicon
dimer bond using the cluster Si9H¯ 12 that contains a single
silicon dimer. (H¯ refers to an artificial hydrogen atom con-
structed to match the electronegativity of silicon in an at-
tempt to match the electronic environment of bulk silicon.!
In these calculations, the silicon atoms in the dimer and the
H¯ ’s in the surface layer are allowed to move, however the
subsurface silicon atoms were fixed at lattice positions. A
GVB-PP~1! model of the dimer found the singlet lower in
energy than the triplet, with a symmetric geometry ~buckling
angle of 0! as the lowest energy, with a dimer bond length of
2.47 Å . A closed shell HF model of the dimer bond pre-
dicted the triplet state of the buckled dimer as the lowest
energy; however, this buckled triplet was 1.33 eV higher in
energy than the symmetric GVB singlet dimer.
The recent work by Paulus11 nicely extends Goddard’s
original work. Paulus performed MCSCF, MRCI, and DFT
~both LDA and GC! calculations on a number of silicon
clusters to investigate the effect the electronic description of
the dimer bond, cluster size, and interactions between dimers
have on dimer geometry. While Paulus investigated basis set
effects, the majority of the calculations in his work were
performed using a valence double-zeta basis set with an ef-
fective core potential for silicon, combined with a minimal
basis set for hydrogen. The silicon basis set was augmented
with d functions for surface and first layer atoms in the clus-
ters. The clusters Si9H12 , Si17H20 , and Si31H32 , each con-
taining a single dimer but with increasing numbers of sub-
surface atoms, were used to investigate the effect of
increasing cluster size on reconstruction energy and dimer
geometry. Reconstruction energy was defined with respect to
each cluster with all Si atoms fixed at lattice positions, with
the surface Si atoms each containing two open shells. These
baseline calculations showed the necessity of using a multi-
reference description for a cluster with open shells. The cal-
culations of the symmetric dimer were performed at C2 sym-
metry. The motion of the dimer atoms, as well as the
distances of the dimer atoms to the first layer atoms were
allowed to optimize, but the remainder of the subsurface at-
oms were fixed at lattice positions. Paulus found dimer bond
lengths of 2.41 and 2.36 Å for Si9H12 at MCSCF and MRCI
levels of theory, respectively. For Si17H20 , the MCSCF and
MRCI values for the dimer bond length were 2.40 and 2.35
Å. For comparison, the Si–Si single bond length in bulk
silicon is 2.35 Å, as measured by x-ray diffraction.8
Dimer buckling was explored by removing the symme-
try constraints on the cluster, varying the buckling angle, and
allowing the dimer to displace parallel to the surface, with
the dimer bond length fixed at the symmetric dimer value.
Using this approach, MCSCF and MRCI calculations pre-
dicted the symmetric dimer to be lowest in energy. Using
this approach with DFT calculations, LDA predicted a buck-
ling angle of 9°, and GCA predicted bucking of 8°, similar to
the closed shell results of Goddard. This result shows that the
approximations used in DFT overestimate the electronic con-
tribution to the buckling owing to an overestimation of the
closed shell structure, and questions the claims that DFT
predictions of buckled dimers in single dimer models are
correct because buckled dimers are observed on silicon
surfaces.19–21
Paulus performed a limited investigation of the effect of
subsurface displacement on buckling at the MCSCF level.
The dimer bond length was fixed at its optimized value, but
the first subsurface layer atoms were allowed to displace in
all directions, and the second layer atoms were allowed to
displace perpendicular to the surface. Using these con-
straints, Paulus found displacements of first layer atoms of
about 0.08 Å in the dimer direction, and displacements of
second layer atoms perpendicular to the surface of about
0.09 Å, but these displacements did not result in dimer buck-
ling. These results cannot be considered conclusive, because
the dimer bond length was fixed at the length obtained with
subsurface atoms fixed. The displacement of the subsurface
atoms is coupled to the formation of the dimer bond. It is
likely that greater subsurface atom displacement would have
been observed had the dimer bond length been allowed to
vary.
Paulus also investigated the effect of interactions be-
tween dimers on dimer structure, and found that the symmet-
ric dimer was the lowest energy structure in his MCSCF and
MRCI calculations of multiple dimer cluster models. He
showed that the DFT approach ~both LDA and GCA! over-
estimates the interaction energy between adjacent dimers,
leading to the DFT preference for adjacent pairs of buckled
dimers in silicon surface models. Thus, Paulus’ results also
question DFT predictions that interactions between dimers
result in dimer buckling.
While there are have been numerous calculations on the
dimerized silicon surface, there has not been a careful inves-
tigation of the effect of subsurface constraints on predicted
surface structure. To illustrate the effect of applying con-
straints to subsurface atoms, Table I lists a number of bond
lengths reported for the symmetric silicon dimer in a number
of silicon clusters.20–28 ~Values from slab calculations of
symmetric dimers are also shown.! The values reported in
this table fall into two general groups: clusters in which the
subsurface atoms are unconstrained, and clusters in which
some or all of the subsurface atoms are fixed at lattice posi-
tions. The dimer length in the models that imposed con-
straints on the subsurface atoms are consistently longer than
the dimer lengths calculated without constraints on the sub-
surface atoms, and longer than Wang’s experimental result
of 2.2660.1 Å ~Ref. 29! for a symmetric dimer.
The relatively large uncertainty in Wang’s measure-
ments, compared with measurements of bond lengths in bulk
crystals, reflects the difficulty of the surface measurement.
As a result, most of the dimer lengths reported in Table I fall
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within the uncertainty of Wang’s measurement. Without
constraints on the motion of subsurface atoms, a single ref-
erence RHF model of the symmetric dimer in Si9H12 ~incor-
rectly! produces a Si–Si double bond, with a bond length of
2.18 Å. From x-ray diffraction measurements, the Si–Si
single bond length in bulk silicon is 2.35 Å. The Si dimer is
a singlet biradical, so it is reasonable that the dimer bond
length would fall in between the single and double bond
lengths, unless constrained by the subsurface atoms. Sub-
stantial subsurface atom displacements caused by reconstruc-
tion on the silicon surface have been reported, so the longer
dimer bonds resulting from constrained subsurface atom mo-
tion would appear to be an artifact of the imposition of sub-
surface constraints.30 Thus, a more detailed investigation of
silicon cluster models of the symmetric dimer is warranted.
A. Cluster models of single dimers on the Si001
surface
A series of ab initio geometry optimizations were per-
formed on Si10H16 and Si9H12 to address the first two ques-
tions posed in the introduction: how closely can a small,
hydrogen terminated silicon cluster reproduce the unrecon-
structed bulk silicon geometry, and how well does an ECP
basis set represent the predicted all-electron geometry? One
would expect that the optimized geometry of an amorphous
silicon cluster would have little relation to the crystalline
silicon lattice. However, Si10H16 was constructed with the
silicon lattice structure, and all the Si atoms are tetracoordi-
nated as in bulk silicon, so one might expect that its opti-
mized geometry would be close to the silicon lattice. Figure
2 shows the optimized geometries for these two molecules.
The values for the bond lengths, angles, and torsions are
listed in Table II. Comparison of the 6-31G* optimized ge-
ometry for Si10H16 with bulk silicon lattice values shows that
the differences between these two results are approximately
0.03 Å for bond lengths and 0.1° for the bond angles. For
both molecules the differences between the 6-31G* and HW
ECP~d! optimized geometries are small, thereby validating
the use of effective core potentials for these cluster calcula-
tions. One caveat on the selection of basis set is that the use
of d functions is required for third row elements.
In order to explore the validity of imposing constraints
on subsurface atoms in clusters to mimic the behavior of
bulk material, it is instructive to look at the measured dis-
placements of subsurface atoms from experiment, and com-
FIG. 2. Cluster model of bulk silicon, Si10H16 , compared with a cluster
model of a dimer on the Si~001! surface, Si9H12 .
TABLE I. Comparison of symmetric dimer length in cluster models with one dimer. The bulk lattice Si–Si
separation is 2.35 Å.
Reference Model Method Basis Set
Subsurface
Constraints Length ~Å!
This work Si9H12 RHF HW ECP~d! No 2.18
This work Si9H12 TCSCF HW ECP~d! No 2.24
This work Si9H12 GVB-PP~1! 6-31G* No 2.28
This work Si66H52 GVB-PP~1! HW ECP~d! No 2.28
Wu, Cartera Si9H¯ 12 GVB-PP~2! ECP~d! No 2.28
Yang et al.b Si9H12 RHF 6-31G Yes 2.23
Yang et al.b Si9H12 B3LYP 6-31G Yes 2.23
Paulusc Si9H12 MCSCF ECP~d! Yes 2.41
Paulusc Si9H12 MRCI ECP~d! Yes 2.36
Paulusc Si17H20 MCSCF ECP~d! Yes 2.40
Paulusc Si17H20 MRCI ECP~d! Yes 2.35
Nachtigall et al.d Si9H12 TCSCF DZP Yes 2.32
Whitten et al.e Si12H20 CI Dunning~d! Yes 2.40
Goddard et al.f Si9H¯ 12 GVB-PP~2! ECP~d! Yes 2.47
Tang, Freemang slab LDA n/a No 2.23
Roberts, Needsh slab LDA n/a No 2.23
Ramstad, Brocksi slab LDA n/a No 2.23
Fritsch, Pavonej slab LDA n/a No 2.26
Wang et al.k n/a TOF-SARS n/a n/a 2.2660.1
aReference 3. gReference 25.
bReference 31. hReference 26.
cReference 11. iReference 27.
dReference 22. jReference 28.
eReferences 23,24. kReference 29.
fReference 10.
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pare these with displacements of atoms in unconstrained
cluster calculations. In experiment, atom displacements are
reported with respect to lattice positions. Since we’ve dem-
onstrated that small, tetracoordinated silicon clusters can re-
produce bulk silicon structure, we define atom displacements
in Si9H12 with respect to the atom positions in Si10H16 .
These atom displacements result from the formation of the
silicon dimer. Figure 3 shows the GVB-PP~1! optimized ge-
ometry of Si9H12 with the Si atom displacements from lattice
positions indicated by arrows. The values of these displace-
ments are listed in Table III. We see that the atoms in the
dimer each move approximately 0.8 Å closer to each other
along the y-axis and 0.15 Å down from the lattice positions.
The second ‘‘layer’’ atoms are dragged along by the surface
atoms, and are drawn closer together. ~Identification of layers
is done for comparison with larger models and experiment.!
The displacement of the second layer atoms drives the third
layer atoms down roughly 0.1 Å, while the position of the
fourth layer atom is nearly unchanged. The differences in
atom displacements between the HW ECP~d! and 6-31G*
basis set results are on the order of 0.01 Å.
An obvious limitation of Si9H12 in reproducing the be-
havior of bulk silicon is its small size. To examine the effect
of cluster size on predicted atom displacements, we per-
formed a series of calculations on the cluster Si66H52 , which
is shown in Fig. 4. Si66H52 was constructed by embedding
the nine Si atoms in additional layers of silicon atoms, ter-
minated with hydrogens. The atoms highlighted in Fig. 4 are
the nine silicon atoms that Si66H52 has in common with
Si9H12 . For this larger cluster, 6-31G* and HW ECP~d! have
1358 and 1028 basis functions, respectively. To conserve
CPU time, a hybrid basis set was employed, in which the
HW ECP~d! basis set was used for the nine silicon atoms
which Si66H52 has in common with Si9H12 . @In this article,
we refer to this hybrid basis set as HW ECP~d!.# For the
remaining atoms in the cluster the ECP basis was used with-
FIG. 3. Atom displacements induced by symmetric dimer formation in the
Si9H12 model of the Si~001! surface. Arrows indicate displacements from
bulk atom locations.
TABLE II. Comparison of ab initio optimized geometries of Si10H16 and Si9H12 . See Fig. 2 for atom number-
ing scheme. The column labeled Lattice contains the experimentally determined silicon lattice values.
Si10H16 Si9H12
RHF RHF GVB-PP~1!
Lattice HWECP~d! 6-31G* HWECP~d! 6-31G* HWECP~d! 6-31G*
Dist~Å!
1 2 3.840 3.828 3.888 2.151 2.187 2.241 2.280
1 3 2.352 2.342 2.376 2.320 2.355 2.329 2.363
3 7 2.352 2.342 2.376 2.353 2.385 2.346 2.379
7 9 2.352 2.342 2.376 2.364 2.396 2.358 2.391
1 10 2.352 2.342 2.376 n/a n/a n/a n/a
Angle(°)
3 1 2 90.000 89.916 89.847 107.511 107.300 106.294 106.062
3 1 4 109.470 109.376 109.294 115.901 116.494 112.485 112.833
3 7 5 109.470 109.658 109.830 97.877 97.552 98.249 97.907
7 9 8 109.470 109.660 109.829 116.993 117.460 115.743 116.089
1 10 2 109.470 109.660 109.829 n/a n/a n/a n/a
TABLE III. GVB-PP~1! predicted atom displacements ~Å! induced by sym-
metric dimer formation in the Si9H12 model of the Si~001! surface. Layers
are identified for later comparisons.
HW ECP~d! 6-31G*
Atom d x d y d z d x d y d z
Surface
1 0.000 0.794 20.154 0.000 0.804 20.152
2 0.000 20.794 20.154 0.000 20.804 20.152
Layer 2
3 0.026 0.137 0.083 0.031 0.144 0.091
4 20.026 0.137 0.083 20.031 0.144 0.091
5 0.026 20.137 0.083 0.031 20.144 0.091
6 20.026 20.137 0.083 20.031 20.144 0.091
Layer 3
7 0.083 0.000 20.098 0.085 0.000 20.095
8 20.083 0.000 20.098 20.085 0.000 20.095
Layer 4
9 0.000 0.000 20.003 0.000 0.000 0.004
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out polarization functions. This hybrid basis set contains 686
basis functions. A GVB-PP~1! geometry optimization of
Si66H52 in C2v symmetry required 100 hours using 32 pro-
cessors on an IBM SP2.
Two additional views of Si66H52 are shown in Figs. 5
and 6. Figure 5 illustrates the surface; the displacement of
the surface atoms forming the dimers is clear. Si66H52 con-
tains both a bare surface dimer ~atoms 1 and 2! and two
hydrogenated surface dimers ~atoms 10–12 and 11–13!. Be-
cause the H atoms saturate the dangling bonds on the surface
dimer, the Si–Si bond in a hydrogenated dimer is best de-
scribed as a Si–Si single bond. The calculated length of the
hydrogenated dimer in Si66H52 is 2.41, with a Si–H bond
length of 1.475 Å, and a Si–Si–H bond angle of 111.795°.
Craig et al.31 report values of 2.37 Å, 1.51 Å, and 108.5°,
respectively, for the same parameters from a slab MINDO
calculation of the hydrogenated symmetric dimer. Northrup32
reports values of 2.40 Å, 1.54 Å, and 109° for the hydroge-
nated dimer from a periodic DFT ~LDA! model. Wang
et al.29 report TOF-SARS values for the symmetric, hydro-
genated dimer of 2.97 Å Si–Si separation, 1.22 0.15 Å for
the Si–H bond length, and 133 8° for the Si–Si–H bond
angle. Wang et al. derived these values by fitting their data
to a symmetric dimer model. One suspects that the surface
they measured contained more than just symmetric hydroge-
nated dimers, resulting in the exceptionally short Si–H and
very long Si–Si dimer bond lengths in the fit to their data.
Table IV lists the displacements from lattice positions
for the atoms in Si66H52 due to dimer formation. This calcu-
lation predicts that the formation of dimers on the surface
displaces atoms eight layers down. For a given layer, atom
displacements near the edges ~see Figs. 5, 6! tend to be
slightly larger than for atoms closer to the center. The nine Si
atoms that Si66H52 has in common with Si9H12 are buried in
the center of the molecule, and so these atom displacements
are most representative of bulk silicon.
Table V shows a comparison of the GVB-PP~1!/HW
ECP~d! calculated atom displacements using the Si9H12 and
Si66H52 clusters with two experimental measurements of sub-
surface atom displacements induced by dimer reconstruction
of the Si~001! surface. ~The notation for the measured atom
displacements in Table V is reproduced from these refer-
ences.! Felici et al.12 used x-ray diffraction in their measure-
ments. Tromp et al.13 report results from ion beam crystal-
lography. Also included in this table are the results from a
slab ~periodic! DFT calculation on both buckled and sym-
metric dimerized Si~001! surfaces.25 One observes that:
~i! The predicted atom displacements from the Si9H12
and Si66H52 structures agree qualitatively, but differ
quantitatively from each other.
~ii! Atom displacements for buckled and symmetric
dimers show the greatest differences in the first two
layers, where the displacements are largest, but differ-
ences persist as deep as four layers below the surface.
~iii! The atom displacements from the calculated symmet-
ric dimer obtained by Roberts and Needs and from the
FIG. 4. GVB-PP~1!/ HW ECP~d! optimized geometry of Si66H52 , C2v sym-
metry. This view is rotated slightly off the yz plane so that all the atom
numbers are visible.
FIG. 5. GVB-PP~1!/HW ECP~d! optimized geometry of Si66H52 , C2v sym-
metry. Atoms 1,2, 10,12, and 11,13 are at the surface. Atoms 1,2 form the
bare dimer. Atoms 10,12, and 11,13 form hydrogenated dimers. The Si–Si
distance in the hydrogenated dimers is 2.41 Å, slightly longer than the Si–Si
bulk bond length of 2.35 Å.
2999J. Chem. Phys., Vol. 112, No. 6, 8 February 2000 Si(001) surface
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:24:57
Si66H52 cluster model calculated in this work agree
better with the experimental results than the displace-
ments from their buckled dimer model.
~iv! Significant displacements of subsurface atoms from
lattice positions occur underneath the dimerized
Si~100! surface. Constraining the motion of subsur-
face atoms in clusters is an unrealistic method of
mimicking the behavior of bulk materials.
One possible concern regarding cluster models is
whether the cluster geometry may bias calculations in favor
of symmetric dimers. Starting with the dimer, it is natural to
construct clusters with C2 ~or higher! symmetry. The use of
symmetry is appealing for reducing computational time as
well. However, without the imposition of symmetry con-
straints on the optimization, our calculations predict symmet-
ric dimer formation in the Si9H12 cluster. As was shown by
Goddard et al. and Paulus, and is discussed later in this ar-
ticle, one can produce a buckled dimer on a silicon cluster
with C2 symmetry by using an inadequate electronic descrip-
tion of the dimer bond.
B. Cluster model of two dimers on the Si001
surface
An obvious limitation of single dimer cluster models in
predicting the minimum energy surface structure is that it
neglects interactions between adjacent dimers on the surface.
These interactions may favor buckled pairs of dimers on the
surface over symmetric pairs. To this end, a number of re-
searchers have used the cluster Si15H16 , shown in Fig. 7, to
model a pair of dimers on the surface. Also shown in Fig. 7
is Si18H24 which we use to provide a set of bulk silicon
lattice positions to define atom displacements caused by
dimerization, as we used Si10H16 as a basis to define dis-
placements seen in Si9H12 .
A number of researchers have recently predicted that
interactions between dimers induce buckling based on the
results of single reference wave function calculations on
Si15H16 . Yang et al.20 performed RHF/6231G and B3LYP/
6-31G calculations on Si15H16 , which they describe as an
‘‘embedded’’ cluster model of Si~001!. Their Si15H16 cluster
is in fact just a hydrogen terminated silicon cluster and is not
embedded in any mechanical or electronic moiety. These au-
thors report buckled dimers, in an anticorrelated sense, as the
lowest energy structures. In addition to the single reference
FIG. 6. GVB-PP~1!/ HW ECP~d! optimized geometry of Si66H52 , C2v sym-
metry subsurface view.
TABLE IV. Atom displacements ~Å! induced by symmetric dimer forma-
tion in the Si66H52 model of the Si~001! surface, GVB-PP~1!HW ECP~d!
optimized geometry. Atoms 1–9 form the silicon cage in Si9H12 . The
dimers 10–14 and 11–13 were saturated so that the cluster contained only
one unsaturated surface dimer to be consistent with the Si9H12 model of a
single unsaturated surface dimer. The X, Y, and Z directions are illustrated in
Fig. 5.
Atom d x d y d z Atom d x d y d z
Surface Layer 5
1 0.000 0.786 20.254 20 0.000 20.033 20.034
2 0.000 20.786 20.254 21 0.000 0.033 20.034
10 20.044 0.713 20.131 44 20.044 20.049 20.060
11 0.044 0.713 20.131 45 0.044 20.049 20.060
12 20.044 20.713 20.131 46 20.044 0.049 20.060
13 0.044 20.713 20.131 47 0.044 0.049 20.060
Layer 2 48 20.055 20.066 20.050
3 20.041 0.168 0.003 49 0.055 20.066 20.051
4 0.041 0.168 0.003 50 20.055 0.066 20.051
5 20.041 20.168 0.003 51 0.055 0.066 20.051
6 0.041 20.168 0.003 Layer 6
22 20.030 0.097 20.027 52 20.016 20.012 20.031
23 0.030 0.097 20.027 53 0.016 20.012 20.031
24 20.030 20.097 20.027 54 20.016 0.012 20.031
25 0.030 20.097 20.027 55 0.016 0.012 20.031
Layer 3 56 20.058 20.021 20.053
7 20.043 0.000 20.172 57 0.058 20.021 20.053
8 0.043 0.000 20.172 58 20.058 0.021 20.053
14 20.020 0.105 0.116 59 0.058 0.021 20.053
15 0.020 0.105 0.116 Layer 7
16 20.020 20.105 0.116 60 20.012 0.000 20.033
17 0.020 20.105 0.116 61 0.012 0.000 20.033
26 20.127 0.000 20.140 62 20.018 0.000 20.033
27 0.127 0.000 20.140 63 0.018 0.000 20.033
28 20.024 0.048 0.055 Layer 8
29 0.024 0.048 0.055 64 0.000 0.000 20.015
30 20.024 20.048 0.055 65 20.021 0.000 20.024
31 0.024 20.048 0.055 66 0.021 0.000 20.024
Layer 4
9 0.000 0.000 20.109 36 20.008 0.041 0.087
18 20.070 0.000 20.116 37 0.008 0.041 0.087
19 0.070 0.000 20.116 38 20.008 20.041 0.087
32 20.108 0.000 20.156 39 0.008 20.041 0.087
33 0.108 0.000 20.156 40 20.021 0.010 0.050
34 0.000 0.070 0.134 41 0.021 0.010 0.050
35 0.000 20.070 0.134 42 20.021 20.010 0.050
43 0.021 20.010 0.050
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wave function description of the dimer bonds, Yang et al.
also constrained the motion of subsurface atoms. The RHF/
6-31G level of theory predicts each buckled dimer to be 5.7
kcal/mol lower in energy than a symmetric dimer, which is
consistent with Goddard et al.’s finding that an incorrect de-
scription of the dimer bond induces buckling. Yang et al.
found that B3LYP/6-31G favors buckling by 3.0 kcal/mol.
Konecny and Doren19 performed BLYP/TZ94P calculations
on Si15H16 , without constraints on the subsurface atoms.
These authors also predict buckled dimers ~in the anti-
correlated sense! as the lowest energy structure, with buckled
dimers 1.5 kcal/mol lower in energy per dimer than a pair of
symmetric dimers. Penev et al.21 attribute their LDA and
PW91 predictions of buckled dimers in Si15H16 to electronic
effects such as rehybridization and charge transfer. ~Goddard
et al.10 showed that similar electronic effects result from an
inadequate electronic RHF description of the dimer bond,
resulting in dimer buckling.! The Paulus results clearly show
that DFT overestimates the interaction between dimers, and
that the prediction of dimer buckling is an artifact of the
single reference description of the dimer bond by DFT.
Paulus’ MCSCF and MRCI calculations on Si15H16 in-
cluded the imposition of constraints on subsurface atoms,
which may bias the results. We have performed a GVB-
PP~2!/6-31G* without any constraints on subsurface atoms
The dangling bonds on the atoms in each dimer were used to
form the GVB pairs. The analogous approach was used in
the Si9H12 model of a single surface dimer. Unlike many
calculations, this GVB-PP~2! optimization on Si15H16 was
performed without symmetry constraints to remove the ques-
tion of symmetry bias on the predicted dimer structure
The GVB-PP~2!, C1 optimized geometry of Si15H16 is
shown in Fig. 7. Without the application of symmetry, a
correlated description of the dimer bonds results in a pair of
unbuckled dimers, and the unconstrained geometry optimiza-
tion results in a structure that regains C2v symmetry. The
GVB-PP~2!/6-31G* Hessian has no imaginary frequencies,
confirming this geometry as a local minimum on the poten-
tial energy surface. A comparison of the unbuckled RHF/6-
FIG. 7. GVB-PP~2! 6-31G*, C1 symmetry, optimized geometry of the
Si15H16 cluster model of two adjacent dimers on the Si~001! surface. The
cluster Si18H24 used to provide a set of silicon lattice positions is also
shown.
TABLE V. Comparison of atom displacements ~Å! caused by dimer formation on the Si~001! surface. The
number in the first column is the layer; layer 1 is the surface. The two experimental references are from
measurements on buckled surface dimers. The labels used for the experimental measurements are taken from
those references. The notation for the calculated displacements in this work refers to Table IV, e.g., dy44 is the
y displacement for Si atom 44 in Si66H52 .
Experiment Calculated
Felicia Trompb This Work Robertsc
Buckled Buckled Symmetric Sym. Buckled
Label Value ~Å! Label Value Label Si9H12 Si66H52 Slab
1 d1 0.56.05 ~0,0,0!DRx 0.478 dy1 0.795 0.786 0.803 0.990
1 d2 0.3160.1 ~0,0,0!DRz 0.100 dz1 20.154 20.254 20.330 20.530
1 d3 20.8360.02 ~2,0,0!DRx 21.071 dy2 20.795 20.786 20.803 20.650
1 d4 20.6160.1 ~2,0,0!DRz 20.459 dz2 20.154 20.254 20.330 0.270
2 d5 0.0760.008 ~0,0,21!DRx 0.094 dy3 0.137 0.168 0.103 0.120
3 d6 20.02760.02 ~1,1,22!DRz 20.025 dz7 20.098 20.172 20.146 20.180
3 d6 0.02760.02 ~3,1,22!DRz 0.031 dz14 n/a 20.116 0.119 0.098
4 d7 20.05460.008 ~4,0,24!DRx 20.056 dy44 n/a 20.049 20.011 20.016
4 d7 0.05460.008 ~2,0,24!DRx 0.042 dy46 n/a 0.049 0.011 0.011
5 d8 20.03160.008 ~4,1,25!DRx 20.021 dy52 n/a 20.012 n/a n/a
5 d8 0.03160.008 ~2,1,25!DRx 0.019 dy54 n/a 0.012 n/a n/a
aReference 12.
bReference 13.
cReference 26.
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31G C2v , buckled C2 RHF/6-31G optimized geometries
from Ref. 20 and the unbuckled C1 GVB-PP~2!/6-31G* op-
timized geometry obtained in this work is presented in Table
VI. ~Table VI is patterned after Table II from Ref. 30.! The
dimer separations d~1-1! quoted in Ref. 20 are very long for
Si–Si double bonds that result from a RHF model of the
dimer bond ~a value of 2.17 Å at 6-31G* was obtained in this
work!. This result is most likely caused by artificially con-
straining the motion of the subsurface atoms ~see Table I!.
The dimer bond separations in the GVB-PP~2! model are
2.28 Å , consistent with the dimer length in the 6-31G*
GVB-PP~1! model of a single surface dimer obtained in this
work. For comparison with our previous results, Table VII
lists the atom displacements from lattice positions caused by
formation of the surface dimers. The direction and magni-
tude of the displacements found for Si15H16 are similar to
those found for the structures with just one surface dimer.
The lowest open shell ~quintet! state of Si15H16 was stud-
ied at the closed shell RHF geometry using a restricted open
shell Hartree–Fock wave function. At the GVB-PP~2! geom-
etry, the singlet is about 45 kcal/mol lower in energy than the
open shell. This suggests that this structure is not purely
diradical, but instead has some nonzero Si–Si bonding. This
is supported by the natural orbital occupation numbers
~NOON! for the GVB active orbitals: 1.645, 0.355 for each
pair, as compared with 1.672, 0.328 for the pair in Si9H12 .
C. Vibrational frequencies and dimer buckling
Hessian calculations were performed to verify that the
symmetric dimers are true minima, and to gain some insight
FIG. 8. Dimer buckling vibrational modes in Si9H12 .
TABLE VI. Comparison of RHF and GVB-PP~2! predictions of Si15H16
optimized geometry. The distances listed in column 1 are used in Ref. 29.
H~i-j! is the separation along the z-axis between layers i and j. d(h-k) is the
distance between nearest neighbor atoms in layers h and k. The entries
labeled symmetry determined by symmetry constraints in Ref. 29.
Yanga This Work
6-31G RHF 6-31G* GVB-PP~2!
C2v C2 C1
Unbuckled Buckled Unbuckled
h~1-2!~Å! 1.191 1.275 1.110
h~2-3! 1.718 1.661 1.677
h~3-4! 1.381 1.383 1.328
d~1-1! 2.239 2.384 2.282
d~1-1! symmetry symmetry 2.282
d~1-2! 2.239 2.384 2.360
d~1-2! symmetry 2.323 2.366
d~2-2! 3.464 3.545 3.604
d~2-3! 2.439 2.429 2.380
d~3-4! 2.365 2.366 2.394
aReference 29.
TABLE VII. Atom displacements induced by dimer formation in Si15H16 .
Restricted Hartree Fock 6-31G* GVB-PP~2! 6-31G*
Atom C2v C2 C1
d x d y d z d x d y d z d x d y d z
1 20.089 0.852 20.138 20.089 0.852 20.138 20.064 0.803 20.037
2 0.089 0.852 20.138 0.089 0.852 20.138 0.064 0.803 20.037
3 20.089 20.852 20.138 20.089 20.852 20.138 20.064 20.803 20.037
4 0.089 20.852 20.138 0.089 20.852 20.138 0.064 20.803 20.037
5 0.000 0.218 0.255 0.000 0.218 0.255 0.000 0.222 0.255
6 0.000 20.218 0.255 20.000 20.218 0.255 0.000 20.222 0.254
7 20.098 0.136 0.152 20.098 0.136 0.152 20.033 0.137 0.137
8 0.098 0.136 0.152 0.098 0.136 0.152 0.033 0.137 0.137
9 20.098 20.136 0.152 20.098 20.136 0.153 20.033 20.137 0.137
10 0.098 20.136 0.152 0.098 20.136 0.153 0.033 20.137 0.137
11 0.000 0.000 20.007 0.000 0.000 20.008 0.000 0.000 0.002
12 20.147 0.000 20.037 20.147 20.000 20.037 20.100 0.000 20.041
13 0.147 0.000 20.037 0.147 0.000 20.037 0.100 0.000 20.041
14 20.085 0.000 0.012 20.085 20.001 0.012 20.055 0.000 20.003
15 0.085 0.000 0.012 0.085 0.001 0.012 0.055 0.000 20.003
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into causes of dimer buckling observed on silicon surfaces.
The GVB-PP~1!/6-31G* vibrational frequencies that corre-
spond to the surface buckling modes in Si9H12 are shown in
Fig. 8. To estimate the frequencies of the dimer buckling
modes in bulk silicon, we also calculated the vibrational fre-
quencies with the mass of silicon substituted for the mass of
the hydrogen atoms in the cluster. The frequencies of the
dimer buckling modes decrease, as one would expect based
on the inverse mass dependence of vibrational frequencies,
but they are still well above 100 cm21. The frequencies ob-
tained with the larger 6-311G~d! basis set are shown in Fig.
9, where it is clear that the basis set effects are negligible.
So, GVB-PP~1! predicts the symmetric, unbuckled structure
to be a minimum on the Si9H12 potential energy surface with
both basis sets.
The GVB-PP~2!/6-31G* dimer buckling modes for the
two dimer Si15H16 system, studied previously by Yang et al.,
and discussed above, are shown in Figs. 10 and 11. These
frequencies are very similar to those shown in Figs. 8 and 9
for Si9H12 . Of course, since there are two dimers in Si15H16 ,
there are two low frequency ~;120 cm21) and two high
frequency ~400 cm21) vibrations. So, the level of theory
used here consistently predicts unbuckled dimers, indepen-
dent of basis set and size of cluster.
In order to reconcile these predictions with the previous
calculations, especially those of Yang and co-workers, we
performed a RHF/3-21G geometry optimization on the
Si15H16 system, similar to the RHF/6-31G calculations per-
formed by those authors. As shown in Fig. 12, the use of an
inadequate ~RHF! wave function and a basis set that does not
include d polarization functions in the dimer basis set does
indeed result in a buckled system. On the other hand, opti-
mization of this species with the same 3-21G basis set, but
with a proper GVB wave function yields an unbuckled struc-
ture, albeit with a dimer Si–Si distance ~2.44 Å! that is
FIG. 9. Dimer buckling modes in Si9H12 as a function of basis set, C1
symmetry.
FIG. 10. Dimer buckling modes in Si15H16 , low frequency set.
FIG. 11. Dimer buckling modes in Si15H16 , high frequency set.
FIG. 12. Si15H16 RHF/3-21G ~C1) optimized geometry.
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somewhat too long. So, the use of a level of theory ~GVB or
MCSCF! that properly describes these systems that have
nontrivial diradical character is essential.
To test another proposed mechanism for the inducement
of dimer buckling, the effect of hydrogenation on the dimer
structure was investigated by adding one H atom to the
Si15H16 system, and reoptimizing the GVB-PP~2!/6-31G* ge-
ometry in C1 symmetry. The resulting geometry is shown in
Fig. 13 and the buckling vibrational modes are shown in Fig.
14. The addition of the hydrogen to one dimer clearly has
little effect on the structure or the vibrational frequency of
the other ~still unbuckled! dimer. The natural orbital occupa-
tion numbers for the latter dimer are 1.649, 0.351, essentially
the same as before the hydrogen was added to the other
dimer. Thus, while the Si1–Si3 distance increases by 0.112
Å when the H atom is added to Si1, the Si2–Si4 distance
changes by only 0.001 Å. The adsorbed H atom creates a
separate buckling mode for each dimer, with a separation of
62 cm21, with the smaller frequency localized on the un-
touched dimer. These results are in contrast to previous cal-
culations by Hoshino and co-workers33. These authors inves-
tigated a similar system, adding either a hydrogen or lithium
atom to a cluster with two dimers, using an unrestricted
Hartree–Fock wave function, the 3-21G basis set, and con-
strained structures in which most atoms were frozen during
geometry optimizations. The bare clusters were found to be
unbuckled in these calculations, while addition of neither the
H nor Li caused a zigzag buckling. Based on the results
discussed earlier in this article, the occurrence of buckling
upon adsorption in this work is likely due to the use of a
small basis set, uncorrelated wave functions, and the geom-
etry constraints.
IV. CONCLUSIONS
The calculations performed in this work, on clusters
ranging in size from 9 to 66 silicon atoms, suggest the fol-
lowing conclusions:
~i! If adequate basis sets and levels of theory are used to
describe dangling bonds and the associated recon-
struction, theory predicts that the dimers are symmet-
ric ~unbuckled! with small ~100–200 cm21) but non-
trivial vibrational frequencies that correspond to the
process of buckling the surface. Since there is consid-
erable experimental evidence for the occurrence of
buckled dimers, it is clear that additional studies of
this issue, including larger clusters and the dynamics
of buckling, are needed to identify the origins of
dimer buckling on the Si~100! surface.
~ii! The imposition of arbitrary constraints on the geom-
etries of clusters results in nonphysical structural pre-
dictions.
~iii! The Hay–Wadt effective core potential with its asso-
ciated double zeta plus polarization valence basis set
appears to be a viable method for investigating the
properties of large clusters with adequate levels of
theory. The much more efficient methods34 that have
recently been developed for determining analytic gra-
dients and Hessians for ECPs will further increase the
effectiveness of this approach.
~iv! The observed displacements due to dimer formation
are nearly independent of cluster size, so small clus-
ters do seem to adequately represent the behavior of
the layers of the bulk that are included. However, this
is unlikely to be true in general for surface reactions
~e.g., adsorption!.
~v! The calculations on the largest clusters reveal that sur-
face relaxation and reconstruction are propagated sev-
eral layers into the bulk, so small clusters, such as
Si9H12 , cannot adequately represent bulk behavior.
Significantly larger clusters are required for this. One
potentially viable approach for treating clusters that
are large enough to represent bulk behavior is to use
an ‘‘embedded cluster’’ model, in which part of the
system is represented by a quantum mechanical
method such as that used here, while a larger part is
represented by a molecular mechanics potential. One
such method, referred to as SIMOMM ~Surface Inte-
grated Molecular Orbital/ Molecular Mechanics! has
recently been proposed by us.35
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